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ABSTRACT
Massive stars are the main objects that illuminate H II regions and they evolve
quickly to end their lives in core-collapse supernovae (CCSNe). Thus it is important
to investigate the association between CCSNe and H II regions. In this paper, we
present emission line diagnostics of the stellar populations around nearby CCSNe,
that include their host H II regions, from the PMAS/PPAK Integral-field Supernova
hosts COmpilation (PISCO). We then use BPASS stellar population models to deter-
mine the age, metallicity and gas parameters for H II regions associated with CCSNe,
contrasting models that consider either single star evolution alone or incorporate
interacting binaries. We find binary-star models, that allow for ionizing photon loss,
provide a more realistic fit to the observed CCSN hosts with metallicities that are
closer to those derived from the oxygen abundance in O3N2. We also find that type II
and type Ibc SNe arise from progenitor stars of similar age, mostly from 7 to 45 Myr,
which corresponds to stars with masses 6 20M. However these two types SNe have
little preference in their host environment metallicity measured by oxygen abundance
or in progenitor initial mass. We note however that at lower metallicities supernovae
are more likely to be of type II.
Key words: binaries:general − supernovae:general − H II regions − galaxies:general
1 INTRODUCTION
Core-collapse supernovae (CCSNe) originate in massive
stars (> 8M), as a result of the gravitational collapse of
the iron-group element cores that are the final result of their
core nuclear burning. Given their short lifetimes, these mas-
sive CCSN progenitors tend to be associated with their birth
place (star clusters or H II regions) with only a low possibil-
ity of being ejected from their birth place due to dynamical
interactions or supernova kicks (De Donder & Vanbeveren
1997; de Wit et al. 2005; Eldridge et al. 2011; Renzo et
al. 2018). With direct detections of CCSN progenitor stars
remaining rare (Smartt 2015), the study of their environ-
ment represents a good alternative to put constraints on
? E-mail: lxiao33@ustc.edu.cn
† E-mail: llgalbany@pitt.edu
‡ E-mail: j.eldridge@auckland.ac.nz
§ E-mail: e.r.stanway@warwick.ac.uk
their characteristics (e.g Williams et al. 2014; Zapartas et
al. 2017; Williams et al. 2018).
Here we focus on the emission line nebulae, or H II re-
gions, associated with CCSNe. Previous studies of CCSN
locations within their host galaxies have claimed various as-
sociations with H II regions. van Dyk (1992) undertook the
first attempt to assess the CCSNe association with H II re-
gions based on a sample of 38 CCSNe of all subtypes, and
concluded that approximately 50 per cent were associated
with an H II region, with no statistically significant differ-
ence between type II (hydrogen rich) and Ibc (stripped-
envelope) core collapse SNe. More recently, Anderson &
James (2008) found a low fraction of type II SNe to be
associated with H II regions while type Ibc SNe are spa-
tially coincident with them, which led to an interpretation
that the progenitors of type Ibc SNe are more massive than
those of type II SNe. Crowther (2013) examined the im-
mediate environments of 39 CCSNe in nearby galaxies and
obtained similar results to Anderson & James (2008), but ar-
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gued that the observed association between certain CCSNe
and H II regions provides only weak constraints upon their
progenitor masses due to the fact that these CCSN hosts H II
regions are long-lived giant H II regions (∼ 20 Myr) rather
than short-lived (∼ 4 Myr) isolated, compact H II regions
where most star-formation occurs.
Other studies, for example Williams et al. (2014, 2018),
have instead focused on the surrounding stellar popula-
tions of CCSNe. By studying the resolved stellar population
around the site of a CCSN and assuming the age is simi-
lar to that of the progenitor, ages from a few Myrs up to
a few ×10 Myrs have been found, in agreement with the
range of ages possible for SNe from theoretical predictions
(e.g. Zapartas et al. 2017). The ages and progenitor masses
also therefore agree with those for the directly detected SN
progenitors (Smartt 2015).
In addition to estimating the age of a SN progenitor,
its metallicity is also important. The gas-phase metallic-
ity can be estimated for the CCSN host environment from
emission-line diagnostics. To accurately explain the differ-
ences in observed CCSN progenitors we must understand
both their ages and metallicities. Prantzos & Boissier (2003)
use the metallicity-luminosity relation for late type galaxies
and found the observed ratio of type Ibc to type II SNe
depended strongly on the metallicity of the host galaxy. In
those more luminous and metal-rich galaxies higher ratios
of type Ibc to type II are expected. Similar results for the
dependence of the relative ratio of SN subtypes on metal-
licity were obtained by many authors including Prieto et
al. (2008) and Graur et al. (2017) for example. We note
that stellar evolution theory suggests that this relationship
between ratio of SN types and metallicity can provide im-
portant constraints on how important stellar rotation and
binary interactions are in the evolution of the progenitor
stars (e.g. Podsiadlowski, Joss & Hsu 1992; De Donder &
Vanbeveren 1998; Heger et al. 2003; Maeder & Meynet 2004;
Eldridge et al. 2008; Zapartas et al. 2017).
Lately, integral field spectroscopy (IFS) has begun to
enable larger scale investigation over both spatial and spec-
tral dimensions to investigate SN environments and ac-
tive star-forming regions. For example, Kuncarayakti et al.
(2013a,b) used small-field (6′′×6′′) IFS observations to iden-
tify single stellar clusters that had hosted CCSNe. They esti-
mated their metallicity from the measured emission lines via
strong-line methods, and their age by comparing Hα emis-
sion equivalent width to simple stellar population models.
They were able to estimate both the metallicity and ini-
tial mass of the CCSN progenitor stars and concluded that,
on average, type Ibc SN explosion sites are more metal-rich
than type II sites, and that some type II SNe progenitors
may have been stars with masses comparable to those of
type Ibc SN progenitors.
Another advantage of IFS is that it enables simultane-
ous investigation of the overall properties of the host galaxy
as well as its spatially resolved structure. This allows more
constraints on the nature of the progenitors of different SN
types, by looking for differences in local environmental pa-
rameters, as well as relating them to the overall distribution
across the galaxy extent, as shown by Galbany et al. (2014,
2016b). These works constructed statistical samples to com-
pare the star formation density and metallicity of stars at
the locations of different SN types and confirmed that SN
Ib/c show the closest relation to star-forming regions and
are more associated with metal-rich environments than SN
II. Similar results have been found in other recent studies
based on different observed samples, such as those studying
SN explosion sites with MUSE IFS (Galbany et al. 2016a;
Kuncarayakti et al. 2017) and PISCO, the largest updated
sample of SN host galaxies observed with IFS which consists
of 272 SNe including 152 CCSNe (Galbany et al. 2018).
However, all the above IFS studies assume one (mostly
unstated) caveat. That is that above studies all assume stars
evolve isolated as single stars. In fact, over 70 per cent stars
of massive stars are found in binary or multiple systems
(e.g Sana et al. 2012, 2014). Binary interactions cause mass
transfer between stars and therefore lead to new evolution
pathways with respect to single star evolution and substan-
tially change the appearance of stellar populations (e.g El-
dridge, Stanway et al. 2017; Xiao et al. 2018). In this work,
we aim to investigate the effect of interacting binaries on SNe
and the emission lines from the nearby host stellar popula-
tions. This is then used to constrain the ages and metallici-
ties of the CCSN progenitor population taking full account
of interacting binary stars.
To achieve our main aim to explore the effects of binary
evolution on the nature of CCSN progenitor stars and their
host environment we use the latest BPASS (Binary Popula-
tion Spectral and Synthesis) models v2.1 (Eldridge, Stanway
et al. 2017) and our nebular emission line models that have
previously been discussed in Xiao et al. (2018). Using these
we derive the properties of the underlying stellar population
from the best-fitting models that match each individual H II
regions.
This paper is organized as follows. In Section 2, we de-
scribe the characteristics of the observed sample of CCSN
host H II regions from PISCO, highlight some important ob-
servation quantities and discuss the photoionization map be-
haviour of these CCSN hosts. Then, in Section 3, we briefly
explain our numerical method for nebular emission models
and the selection of best-fitting models which is discussed
more in detail in Xiao et al. (2018). In Section 4, we describe
the best-fitting models in terms of their oxygen abundance
comparing with observed value, as well as other physical pa-
rameters that determined the H II region models. Then in
Section 5, we included the effect of ionizing photon leakage
on best-fitting models and described the results in leakage
case compared to those without leakage. Section 6 present
further discussions on the uncertainties of our model and
result. Finally, in Section 7, we summarize and give our con-
clusions.
2 SAMPLE OF CCSN HOST H II REGIONS
AND DATASET ANALYSIS
2.1 Overview of the Sample
The sample of CCSN host H II regions used in this work
comes from the PMAS/PPAK Integral-field Supernova hosts
COmpilation (PISCO, Galbany et al. 2018). The PISCO
compilation started as an extension of the CALIFA survey
targeting low mass SN host galaxies that were missing in the
CALIFA mother sample. So the instrumental configuration,
observations and reduction is performed following CALIFA
c© 2017 RAS, MNRAS 000, 1–??
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Table 1. The average value of oxygen abundance derived by
strong-line method described in Section 2.2 and the average emis-
sion line ratios of the CCSN host H II regions.
SN Type SN II SN Ibc
12 + log(O/H) 8.45± 0.10 8.49± 0.10
EW(Hα)/A˚ 50.9± 49.1 49.9± 42.0
log([O III]/Hβ) −0.19± 0.32 −0.29± 0.33
log([N II]/Hα) −0.53± 0.22 −0.50± 0.20
log(S II/Hα) −0.45± 0.13 −0.51± 0.11
log(O I/Hα) −1.28± 0.25 −1.45± 0.19
procedures and reduction pipeline. All these information is
well established and available following Galbany et al. (2018)
and references there in, as well as the third CALIFA data
release (Sa´nchez et al. 2016, and reference there in), includ-
ing sky subtraction and flux calibration. Overall, it is com-
posed of observations of CCSN host galaxies selected from
the CALIFA survey and other dedicated programs using the
PMAS/PPAK integral field unit with large field-of-view (∼
1 × 1 sq arcmin). The SN position was determined from the
astrometry of the PISCO/CALIFA datacubes, and the aper-
ture extraction was centred at that location. We required
emission lines to have S/N > 3 to be considered reliable, al-
though in practice all have S/N > 5. The spectral informa-
tion covers most of the optical domain from 3750 to 7300A˚,
with a spectral resolution ranging from ∼ 2.7A˚ in the blue
to ∼ 6A˚ in the red.
The observational sample we use consists of 152 CC-
SNe with 107 type II SNe and 45 type Ibc SNe, and their
observed flux is derived within 1kpc2 centred at the SN lo-
cation. This is to provide us with adequate signal-to-noise
in our spectra, while limiting the observation to the likely
host stellar population around the SN site and preventing
the varying distance to the host galaxy from causing arte-
facts in our analysis. Extragalactic HII regions as well as
SN host H II clumps have typical diameters ∼ 10 − 100 pc
but range up to several hundred parsecs with the expansion
of HII regions driven by nuclear activities and stellar feed-
back (Gonzalez Delgado & Perez 1997; Lopez et al. 2011).
This implies that between 1 and 6 HII regions are included
in a 1 kpc2 box (Mast et al. 2014), with relatively little di-
lution of the host region emission by unassociated nebular
gas. Any contamination that is present will tend to be dom-
inated by the youngest stellar population in the region and
so bias CCSN host estimates to younger ages.The physical
spatial resolution in the PISCO dataset is presented in the
Figure 2 of Galbany et al. (2018). The average resolution
of CCSN host observations in this work is 300 pc/arcsec,
so on average we integrated the spectra within the area cov-
ered by 3x3 spaxels. Only complete spaxels are included (i.e.
no correction is made for partial spaxels). Furthermore, we
have investigated using different definitions for the “nearby
host stellar populations”, including using the emission-line
strengths from the nearest H II region and from a square
arcsecond around the SN location. We find that this choice
does not affect our results to a large degree as shown in
Appendix B. Again, using the observed flux within 1 kpc2
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Figure 1. Cumulative distributions of the oxygen abundance of
the CCSN host H II regions. The red dashed line is for type II SN
hosts and blue solid line for type Ibc SN hosts.
allows fair comparisons among SN local environments be-
cause the region compared does not vary in each galaxy. If
an angular size was used the region integrated would vary
as the area would vary with the redshift of each galaxy.
We also notice that all these CCSN host regions have
Hα and [N II]λ6583 emission while some may lack other
emission lines, for example 1 of 152 CCSN hosts without
Hβ lines (SN 1989R), 9 of 152 hosts without [O III]λ5007, 8
of 152 hosts without [S II]λ6713 and 24 of 152 hosts without
[O I]λ6300. But none of the hosts lose all these 4 lines, and
most of them have only one emission line lost. Failure to
detect individual emission lines usually indicates either that
the line was coincidence with sky emission or absorption
features, or that nebular emission from the host region is
weak, and may be dominated by the underlying stellar pop-
ulation rather than the host environment. While, in prin-
ciple, this means our survey may be biased against older
HII regions, the effects on the distributions discussed in this
paper are likely to be small. Approximately 20 per cent of
type II CCSN locations identified in PISCO, and 15 per
cent of type Ibc regions have at least one line undetected,
but for the bulk of the population only one line is missing.
As a result, while older populations may be missed, again
potentially biasing the sample to younger ages, the nebular
regions should be indicative of the range of properties in the
CCSNe progenitor stellar population.
2.2 Oxygen abundance
As in many previous studies, we derive the gas-phase metal-
licity of the CCSN host H II regions from their measured
fluxes via the strong-line method. This method is strongly
affected by the choice of which strong-line abundance cali-
brations are used as discussed in Kewley & Ellison (2008)
and Xiao et al. (2018). In this work, we use the most widely
used empirical O3N2 calibrator as our standard metallicity
calibration which is updated by Marino et al. (2013) using
c© 2017 RAS, MNRAS 000, 1–??
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Figure 2. The cumulative distribution of CCSN hosts H II re-
gions as a function of Hα EW with SNe II in red dashed line and
SNe Ibc in blue line.
new direct abundance measurement (Te-based) provided by
Pilyugin et al. (2010):
O3N2 = log ([O III]λ5007/Hβ)/([N II]λ6583/Hα), (1)
12 + log(O/H) = 8.533− 0.214×O3N2. (2)
The new calibration was tested by comparison to the
measured oxygen abundance of 3423 observed CALIFA H II
regions using the multiple line-ratio calibrations (Pilyugin
et al. 2010). This improved O3N2 calibration shows weaker
metallicity dependence and a relatively high precision with
respect to other abundance determinations. This method
was used in Galbany et al. (2016a) and Kuncarayakti et al.
(2017) with MUSE data for the emission-line diagnostics of
11 and 83 SN host H II regions, respectively.
Figure 1 demonstrates the cumulative distribution of
the oxygen abundances of type II and type Ibc SNe sepa-
rately. The results indicate that these two types of CCSNe
span in a similar oxygen abundance range from 8.1 to 8.7
and the main fraction (about 80 per cent) is located in oxy-
gen abundance from 8.3 to 8.6. Due to the steeper increasing
trend of type Ibc SNe, their overall metallicity is higher than
that of type II SNe. This result is reflected in their average
oxygen abundance given in Table 1. Type Ibc have average
of 8.49, slightly higher than type II of average of 8.45.
2.3 Equivalent Width of Hα
The Hα line luminosity is widely used to measure the
amount of ongoing star formation. The Hα equivalent width
(EW), the measure of the relative strength of the line with
respect to the continuum, is commonly used to infer age of
a starburst. This is reasonable as the strength of this par-
ticular line is largely dependent on the ionizing condition
of emission nebulae which is dominated by the short-lived
massive stars and the continuum light is dominated by the
long-lived lower-mass stars. Thus, the Hα EW varies with
age and star-formation history of the galaxy.
Figure 2 shows the cumulative distribution of Hα EW
for our SN hosts sample, where the two SN type hosts have
a similar distribution with nearly 90 per cent of SNe having
Hα EW below 100A˚ and above 8A˚ which indicates most SN
host regions have significant hydrogen recombination lines
from the nearby stellar populations. These similarity of the
distributions is also shown by their almost identical mean
Hα EW as seen in Table 1. Surprisingly a type II SN host
has the highest Hα EW of up to 400A˚, compared to that
of the type Ibc SNe of 250A˚. There are many reasons that
this might be, but it does indicate that while EW is a useful
estimator there are many factors that limit its accuracy in
understanding the age of SN progenitors.
An important question in this study is whether the SNe
are associated with a HII region or not. The Hα EW distri-
bution also allows us consider this question. The typical Hα
EW of a HII region varies but we see in our sample that there
is a smooth distribution down to a EW of about 10A˚ below
which the distribution flattens out. This is perhaps indica-
tive that all stellar populations have some associated nebu-
lar emission but only the brightest and most luminous are
identified as HII regions. We do not attempt to determine
the dividing line. If for example we were to say a EW of
100A˚ and above indicated a HII region then very few of our
SNe would be associated with such a region. Most of our
SNe are associated with nebular emission that is typically a
few times 10A˚ in strength.
In addition, we have tested how interacting binaries
might affect the accuracy of age estimates from Hα EW.
To do this, we use BPASS models v2.1 emission nebulae
models (Eldridge, Stanway et al. 2017; Xiao et al. 2018) to
calculate the Hα EW as a function of age and metallicity us-
ing only single stars or binary stars in the stellar population
forming the ionizing source, as shown in Figure 3. We here
assume a constant hydrogen density of log(nH/cm
3) = 2.0
and ionization parameter log(U) = −2.5.
For the first 3 Myr, both single-star and binary-star
models have a high value of Hα EW around 3000A˚. After-
wards the Hα EW of single-star models experience an abrupt
decrease to less than 1A˚ in 30 Myr. In contrast, binary-star
models have a slower Hα EW decline and have an EW of
around 30A˚ at the same age. This is because binary inter-
actions strongly enhance the emission lines’ strength at ages
beyond 10 Myr producing a clear difference to single stars,
due to the hot WR or helium stars produced at later times
via binary interactions (e.g. Van Bever et al., 1999; Go¨berg,
de Mink & Groh 2017; Xiao et al. 2018)
The Hα EW is also strongly affected by metallicity as
the main-sequence lifetime of massive stars is slightly in-
creased at lower metallicity and stars are more compact and
thus hotter. This leads to the low-metallicity model EW
decreasing slower than those at higher metallicity. In addi-
tion, binary-star models naturally separate into two groups:
a low-metallicity group of Z 6 0.004 that have a long plateau
phase up to 20 Myr, and high-metallicity group of Z > 0.006
which gradually decreases without the plateau. The plateau
is due to inclusion of quasi-homogeneous evolution in low
metallicity binary-star systems where mass-transfer has oc-
curred. For stars with metallicities Z 6 0.004 and initial
masses above 20M that accrete more than 5 per cent of
c© 2017 RAS, MNRAS 000, 1–??
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Figure 3. Hα EW as a function of age at log(nH/cm
3) = 2.0
and log(U) = −2.5 for both single-star (solid lines) and binary-
star models (dashed lines) at increasing metallicities represented
from blue to yellow.
their initial mass we assumed to be spun up so rapidly they
evolve fully mixed over their main sequence lifetimes. This
is discussed in detail in Eldridge et al. (2011) and Eldridge,
Stanway et al. (2017). The mixing significantly extends the
lifetime of massive stars in lower metallicity models and they
avoid a cool red supergiant phase and thus emit more ion-
izing photons than they would otherwise. In contrast, at
metallicities above Z>0.004 Hα EW is only weakly depen-
dant on metallicity. Thus given the moderate metallicities of
our sample as shown in Figure 1 the shape of our observed
sample distribution in Figure 2 is not strongly affected by
metallicity.
Using our BPASS EW-age relationship and the metal-
licity derived using O3N2 calibration, we estimate the age
separately for SN II and SN Ibc from the Hα as shown in
Figure 4. As the Hα EW decreases with increasing age we
are able to simply estimate the age for all SN hosts. Using
only our single-star models most SNe have a progenitor age
6 20 Myr, while using the binary models leads to most ages
being above this maximum with ages up to 200 Myrs be-
ing possible. We can conclude that binary interactions can
significantly extend CCSN progenitor ages estimated from
Hα EW. Although even when using the interacting binary
models we note this method of estimating the age is highly
uncertain due to the large scatter in the metallicity calibra-
tion, the sensitivity of the line strength to assumed metallic-
ity, and also the uncertainties associated with the assumed
binary fraction. Therefore, this age estimation should only
be considered as an upper limit (&50 Myr) becuase there
are no Galactic nebular regions that we have calibrated and
verified models of such extreme ages against. Although we
have performed some validation of such old models in Xiao
et al. (2018). In addition, considering that the CCSNe host
in old and diffused environment, the measured Hα EW can
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Figure 4. The distribution of Hα EW with respect to age for
type II (the top panel) and type Ibc (the bottom panel) SNe,
assuming the simple relations described in section 2.3. The black
circles with error bars are for single-star models and red (SN II)
and blue (SN Ibc) dots with error bars for binary-star models.
The errors are due to the uncertainty of observed Hα EW values
and the variance of ionization parameter from log(U) = -3.5 to
-1.5, at log(nH/cm
3) = 2.0.
be more contributed by the underneath stellar populations
rather than the emission nebulae. Therefore, these estimated
ages can be longer than the typical lifetime of HII regions
(up to a few 10 Myrs), and this is consistent with the CCSN
ages of Hakobyan et al. (2017) using completely different
approach based on the CCSN spatial distribution in their
host galaxies. While in the real galaxies, planetary nebulae
and other sources from x-ray binaries (Woods & Gilfanov
2016) can get into these late ages that are not yet in BPASS
models.
2.4 Distribution of CCSN Hosts in BPT Diagrams
As in Xiao et al. (2018), we use the BPT diagrams first
proposed by Baldwin et al. (1981) as a basis to study the
c© 2017 RAS, MNRAS 000, 1–??
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Figure 6. The BPT diagrams of bpass models at 3 Myr in the top panel and 10 Myr in the bottom panel. The tracks in solid lines are
from single-star models and those in dashed lines are binary-star models. The tracks with different colours stands for different metallicities
from blue to red metallicity growing from Z = 0.00001 to 0.040. The values of ionization parameter of the models is reduced following
the track from upper left (log(U) = −1.5) to lower right (log(U) = −4.5).
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ionizing conditions of these CCSN host stellar populations
and thus refine our estimates of age and metallicity. The dis-
tributions of the emission lines from the CCSN host stellar
population are depicted in Figure 5. We compare them with
the H II regions taken from van Zee et al. (1998) and van
Zee & Haynes (2006). These were H II regions identified in
nearby galaxies.
The majority of sources in both the van Zee sample
of galaxy H II regions and our CCSN-host region sample
lie beneath the maximum theoretical starburst lines defined
by Kewley et al. (2001), although some scatter above these
lines, particularly in the [S II] and [O I]-based diagnostics.
The two samples do differ significantly with the H II re-
gions of dwarf galaxies occupying the upper left region in
the BPT diagram. The CCSN hosts are mostly in the lower
right of the diagram indicating they are diffuse older nebula
emission regions, without many stars hot enough to provide
higher [O III] to Hβ ratios. In addition, the CCSN hosts in
the [O I]/Hα panel are more scattered left over the Kew-
ley curve. Type II SN regions are more likely to exceed the
limiting Kewley relation in [O I]/Hα than type Ibc hosts.
Aside from this, the range of line ratios spanned by the two
samples is very similar. They form a narrow sequence in
the map of [OIII]/Hβ with [NII]/Hα as well as the [SII]/Hα
diagram. Even though these hosts are dispersed across the
map of [OIII]/Hβ with [OI]/Hα, SNe II hosts and SNe Ibc
hosts still occupy nearly the same regions. These similar
behaviours of SN hosts in BPT diagrams can also be re-
flected from their similar mean emission line ratios as listed
in Table 1, where type Ibc SNe have slightly lower ratios in
log([O III]/Hβ), log([S II]/Hα) and log([O I]/Hα), but higher
ratio of log([N II]/Hα).
3 METHOD
To model the nebular emission from stellar populations we
follow the methods described in Xiao et al. (2018). A short
summary of our method is that we use the latest BPASS
(Binary Population Spectral and Synthesis) models1 v2.1
(Eldridge, Stanway et al. 2017) to obtain the input ionizing
spectra for CLOUDY 13.03 (Ferland et al. 1998, 2013) neb-
ular models. We then use the CLOUDY output models to
work out our emission line fluxes and equivalent widths. In
addition to varying the input stellar age, initial metallicity
and inclusion of interacting binaries we also vary the prop-
erties of the surrounding gas by varying the gas density and
the ionization parameter.
To aid our interpretation of these CCSN host nebula
regions, we use our nebular emission models from Xiao et
al. (2018) to predict where stellar populations should lie in
these BPT diagrams. Figure 6 shows a selection of our mod-
els at ages of log(Age/yr) = 6.5 & 7.0, with a hydrogen den-
sity of log(nH/cm
3) = 2 over a reasonable range of ionization
parameters.
As in Xiao et al. (2018), the nebular emission models
of different metallicities produced 13 separated tracks. The
models with lower metallicities (Z < 0.020), extend from up-
per left to lower right as the ionization parameter decreases
1 The models are available at: http://bpass.auckland.ac.nz.
from log(U) = −1.5 to -4.5. The three models with the high-
est metallicities (Z = 0.020, 0.030, 0.040) have a more ver-
tical pathways that fall off with decreasing ionization pa-
rameter. At 3 Myr, neither models with too low nor too
high metallicity can match the observed CCSN hosts, and
models of Z = 0.001 to 0.020 can only go through part of
the CCSN host area. But as the population ages to 10 Myr,
tracks from single-star models die away quickly. In contrast,
those from binary-star models move up and match all the
nebula regions. This result again highlights the importance
of binary interactions in interpreting the emission lines from
these CCSN hosts at later times.
With our full suite of models we are able to perform a
maximum likelihood fitting method to derive the preferred
model parameters for each observed fitting region, rather
than just comparing our models to the observed nebula re-
gions by eye. For full details of the BPASS models, the neb-
ular emission models and the fitting method we refer the
reader to Eldridge, Stanway et al. (2017) and Xiao et al.
(2018). Using these nebular emission line models we derived
the properties of the underlying stellar population from the
best-fitting models that match each individual H II region,
and the best-fitting parameters are listed in Tables A1 and
A2. We first use models that assume that none of the ion-
izing photon from the host stellar population are lost. Then
second, we will allow for some ionizing photons leakage or
loss.
4 BEST-FITTING MODELS - NO LEAKAGE
4.1 Oxygen abundance measurement
Our best-fitting models are selected based on the emission
line ratios and our resultant oxygen abundance for each
model is determined by the initial chemical composition for
the model set as described in Xiao et al. (2018). Here we can
test the reliability of our best-fitting models by the compar-
ison of the model abundance with those using O3N2 calibra-
tion as shown in Figure 7. In general, our binary-star models
match the oxygen abundance in O3N2 calibration better, al-
though there is still considerable scatter around the line of
equality. Single-star models show less variance in the dis-
tribution and have their oxygen abundance mostly around
8.5. This result may suggest that our final fit for single-star
populations is likely to be insensitive to the metallicity com-
pared to the results from our binary-star populations and
their best-fits are more dependent on other parameters of
the emission nebular that will be discussed in detail in the
following section. A lower metallicity model is probably pre-
ferred to match the observed emission line ratios to allow for
hotter stars in the stellar population that are present in the
binary populations. Given the correlation of our model input
metallicity with the oxygen abundance in O3N2 calibration
as shown in Xiao et al. (2018), this calibration is a relatively
good estimation of oxygen abundance for nearby H II regions
with moderate metallicity. In particular our models suggest
significantly higher metallicity than derived from O3N2 cal-
ibrations for the type II SN hosts with lower metallicities.
Therefore, our models predict similar oxygen abundance of
the two SN types in a narrow range, which may indicate that
the metallicity of the two SN types may not differ much in
nearby galaxies.
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Figure 7. Predicted oxygen abundance from best-fitting models comparing with those using O3N2 calibration. It shows the comparison
between single- and binary-star models separately for type II SN hosts in the left and type Ibc SN hosts in the right. Single-star models
are presented by the black crosses with error bars and binary models are the red (SNe II) and blue (SNe Ibc) circles with error bars.
Table 2. The average value and standard deviation of oxygen abundance 12 + log(O/H), ionization parameter log(U), hydrogen density
log(nH/cm
3), and age, derived from best-fitting models.
No-leakage 12 + log(O/H) log(U) log(nH/cm
3), log(Age/yr)
Single 8.58 ± 0.20 −1.92± 0.69 2.91± 0.47 7.44± 0.51
Binary 8.60 ± 0.28 −3.36± 0.28 1.93± 0.94 7.56± 0.29
Table 3. Including ionizing photon leakage, the average value and standard deviation of oxygen abundance 12 + log(O/H), ionization
parameter log(U), hydrogen density log(nH/cm
3), and age, derived from best-fitting models.
Leakage 12 + log(O/H) log(U) log(nH/cm
3), log(Age/yr)
Single 8.46 ± 0.32 −3.27± 0.40 2.48± 0.53 6.22± 0.33
Binary 8.75 ± 0.24 −3.36± 0.38 1.48± 0.61 7.09± 0.59
4.2 Oxygen abundance variation with respect to
U, nH and Age
While the oxygen abundances derived from our best-fitting
models are important, the other input model parameters,
ionization parameter U , gas density nH/cm
3 and the age
of the inner ionizing stellar population source tells us more
about the surrounding environment of the SN and its stellar
siblings. Table 2 provide an overview of the average of best-
fit parameters. We note the similar average oxygen abun-
dance and similar age between single and binary popula-
tions, but a larger oxygen abundance variance appears in
binary models as discussed before and larger age variance in
single population. In addition, binary population are distin-
guished from the single populations with the lower ionization
parameter and higher nH.
Figure 8 displays how oxygen abundance in our fits are
related to these parameters for both SN types separately. We
note that these SN nebular regions have a different log(U)
distribution for our binary models compared to that of ex-
pected for normal young H II regions like those in van Zee
sample we have studied previously (Xiao et al. 2018). First,
there is only a weak trend between oxygen abundance and
log(U) distribution with most binary-star models concen-
trated between log(U) = -3.5 and -3.0, with higher values at
lower metallicities. This suggests a significantly lower ioniza-
tion state in these CCSN nebula regions than in young H II
regions where log(U) up to -1.5 is more typical. These lower
log(U) values are consistent with the CCSN regions’ posi-
tion in BPT diagrams, traced on the bottom region of the
H II region sequence. For single-star models, they all have
surprisingly high values of log(U) varying from -3 to -1. For
both model sets there is little or no difference between the
SN types.
In addition, the oxygen abundance variation with re-
spect to the gas density log(nH/cm
3) is also shown in Fig-
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Figure 8. The variation of oxygen abundance with respect to ionization parameter log(U) for the SN hosts in the top panels, log(nH/cm
3)
in the middle panels and log(Age/yr) in the bottom panels, with the left panels for type II hosts and the right panels for type Ibc hosts.
Single-star models are in black crosses with error bars and binary-star models in red (SNe II) and blue crosses (SNe Ibc) with error bars.
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ure 8. For both type II and Ibc SNe, binary-star models vary
over the full range of gas density. In contrast, most single-
star models are concentrated at the highest hydrogen density
in our model of log(nH/cm
3) = 3.0. We find this difference
in density is closely correlated with ages of the inner ion-
izing source. Most typical H II regions are young with ages
below 10 Myr, these CCSN regions from the binary model
fits mostly have ages beyond 10 Myr. This is consistent with
their lower log(U) as less ionizing photon production occurs
at later ages. In comparison all the single-star model fits pile
up at 10 Myr.
While the metallicity is determined primarily from the
abundance of the gas being ionized the other parameters
are mostly determined by the ionization photon spectrum
from the stellar population. The difference here between the
single-star and binary models is because the interacting bi-
naries allow hot stars to exist at ages beyond 10 Myr where
in the single star models none exist. Therefore to achieve a
fit the single star models have to resort to high gas densi-
ties, and high ionization parameters to match the observed
emission-line fluxes. The ages all then sit around 10 Myrs
because this is the time when the EW of the lines decreases
to match the observed values. Since the hardness of the ion-
izing spectra also drops off, a very short lived phase in the
single star models satisfies both ionizing spectrum and line
strength constraints for the majority of the models. By con-
trast, the evolution is more gradual and there is a wider
range of possible ages in the binary models. The values from
the binary star fits appear to be more sensible and relatistic
when compared to the estimated age of the stellar popu-
lations. Importantly we detect no SNe that occur in a very
young H II region hosting very massive young stars. There is
a strong consensus here between single and binary star mod-
els that different types of SNe all arise from progenitors with
ages beyond 10 Myr, equivalent to less-massive progenitors
with initial masses less than 20 M.
5 THE EFFECT OF IONIZING PHOTON
LEAKAGE
In the above analysis we have assumed that every ionizing
photon emitted from the stellar population contributes to
the emission nebula flux. However we know that in many
regions some of these ionizing photons are lost, either by
being absorbed and heating dust grains, or simply escaping
from the gas cloud before they have a chance to interact.
In Xiao et al. (2018) we investigated the effect of ionizing
photon leakage on reducing emission line strength and how
this altered the fit of models to H II regions. In general we
found that the best-fit age with leakage included leads to the
generally younger H II regions, where the high EW values of
the models meant they were otherwise disfavoured in the
fitting calculation. In this section we allow for this leakage
or loss of ionizing photons to see if the derived ages change.
5.1 Oxygen Abundance
First, including ionizing photon leakage has a strong affect
on the oxygen abundance measurement as shown in Figure 9.
There are clear differences in oxygen abundance estimation
compared to previous models without ionizing photon leak-
age. Both model sets now have a more linear relationship to
the oxygen abundance estimated from the O3N2 method.
However there is a significant off-set between the single-star
and binary models. The difference can be explained in that
to achieve the same strength of the ionizing spectrum sin-
gle stars prefer lower metallicities where the average stellar
temperatures are higher. The binary models on the other
hand have hotter post-main sequence stars, even at higher
metallicities, so do achieve a reasonable fit without needing
to decrease to a low metallicity. As a consequence, allowing
leakage makes the metallicity predictions from the O3N2
method consistent with single-star models, due to the fact
that as varying metallicity is the primary way to vary the
hardness of the ionizing radiation from single stars. For the
binaries metallicity is a small effect since the helium stars
produced at late ages the ionizing radiation hardness varies
less. Nevertheless we again see no clear distinction between
the range of host metallicity in the two CCSN types. There-
fore, we can suggest the similar ionizing photon leakage ef-
fect for these two CCSN hosts is probably due to similar
ISM distribution within their host H II regions.
Compared to the average oxygen abundance and other
physical parameters of the best-fitting models listed in Table
2, Table 3 stresses again that including ionizing photon leak-
age can change these best-fitting parameters significantly.
Binary-star models increase their average oxygen abundance
by nearly 0.2 dex, while the average for single-star mod-
els decreases by about 0.1 dex. For single-star models, this
change in oxygen abundance is combined with log(U) a fac-
tor of two lower and a significant decrease in age by 1.2
dex, while little difference in hydrogen density log(nH/cm
3).
The binary-star models also experience a corresponding de-
creases in age by 0.5 dex, but have almost no change in
log(U) and a slight decrease in log(nH/cm
3). Therefore, we
suggest that the most important impact of ionizing photon
leakage are the reduce of age and corresponding variance in
oxygen abundance.
5.2 Oxygen abundance variation with respect to
U, nH, and age
When we consider the other model parameters we obtain
from our fit we again find that including ionizing-photon
leakage leads to very different results. Again the distribu-
tions of these two CCSN types are very similar but show
differences compared to the previous result shown in Fig-
ure 10. Now single-star models have shifted to lower ioniza-
tion parameters, with log(U) between -4 and -3, just as for
the binary-star models. In addition, we find the best-fitting
models including ionizing photon leakage show more prefer-
ence for lower gas densities compared to previous models,
although a significant fraction of the binary star models still
prefer a high density with log(nH/cm
3) = 3. The most signif-
icant difference is that the single-star models become much
younger with ages all below 3 Myr except a few outliers. This
also occurs for the binary-star models but more moderately
so; most of the ages are between 10 to 30 Myr. All the single-
star models are too young to be a reasonable age estimate
of the SN progenitors. Even the most massive stars have a
minimum evolution lifetime of the order of 3 Myr.
The binary-star model age and metallicity range as
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Figure 9. In ionizing photon leakage case, predicted oxygen abundance from best-fitting models comparing with those using O3N2
calibration. It shows the comparison between single- and binary-star models separately for type II SN hosts in the left and type Ibc SN
hosts in the right. Single-star models are presented by the black crosses with error bars and binary models are the red (SNe II) and blue
(SNe Ibc) crosses with error bars.
shown more clearly in Figure 11. These agree with similar
observational constraints for detected SN progenitor detec-
tions (Smartt 2015) and from resolved stellar populations
(Williams et al. 2018). These ages imply initial masses for
most of the supernova in our sample of approximately 8 −
20 M. This is approximately the mass above which it is ex-
pected that core-collapse produces black-holes that may not
lead to visible supernova (e.g. Heger et al. 2003; Eldridge &
Tout 2004; Zapartas et al. 2017). As Hα EW is a sensitive
tracer of age at higher metallicties (Z>0.004) as shown in
Figure 3, the similar age distributions of the two SN types
are incorperated with their almost identical distributions of
Hα EW as shown in Figure 2. In addition, we note that while
the bulk of SNe of both types are seen across a similar range
of metallicities, the fraction of events does appear to change
with metallicity. At metallicities below 12 + log(O/H) ∼
8.5, the number of type Ibc events drops off sharply, while
type II SNe drop off less rapidly and so become relatively
more common.
5.3 The extent of remaining ionizing photons
Given that a large fraction of ionizing photons must es-
cape to provide the best fits to the data, it is interesting to
consider the fraction of remaining ionizing photons, which
are absorbed and processed by the nebular gas. Xiao et al.
(2018) discussed the remaining ionizing photon fraction as
a function of age in HII regions in nearby dwarf and spi-
ral galaxies. Here, figures 12 and 13 present the fraction of
photons remaining to interact with the nebular gas after ac-
counting for photon leakage, frem, as a function of age and
EW respectively for CCSN host regions. Compared to the
equivalent fraction in Xiao et al. (2018), the CCSN hosts
experience more ionizing photon leakage, with roughly an
order of magnitude lower frem for single-star models, while
in the binary model fits, the typical remaining fractions are
a factor of two lower than in our previous study. This is a
corollary of the young ages required in the single model fits
- the observed data require a very high photon production
rate to explain the ionization state but must then lose most
of the photons in order to explain the recombination line
equivalent width. For binary stars, already a more efficient
source of hard ionizing photons, a smaller escape fraction is
required. The 50 per cent ionizing photon leakage typically
required by binary-star models is consistent with the fact
that CCSN hosts are relatively old and more defused nebu-
lae, through which ionizing photons may have a sufficiently
long mean free path to escape without interaction.
6 DISCUSSION
In this paper we have attempted to constrain the age and
metallicity of nearby SN progenitors by modelling the neb-
ular emission lines from the stellar populations surrounding
the SN site. Using single-star stellar populations, We have
found that emission line ratios imply a combination of un-
realistically dense gas, young stellar populations and high
ionization parameters. In comparison models that take ac-
count of interacting binary stars provide a much better and
more realistic parameters for the SN progenitors. The esti-
mated model parameters have lower gas densities, lower ion-
ization parameters and older ages that would be expected
for stellar populations where the bulk of SNe should occur.
The nebular regions hosting CCSNe must already have lost
their most massive stars, which collapse to black holes and
are unlikely to form optically-luminous transients, or alter-
natively evolve into ultra-luminous and very rare transients.
Instead they must be old enough to reach the terminal age
of somewhat less massive stars which die as normal super-
novae. They should thus differ from the very young, often
ultraviolet- or Hα-selected, star-forming regions which are
dominated by the most massive stars and are more conven-
tionally identified by H II region surveys. These regions have
c© 2017 RAS, MNRAS 000, 1–??
12 Lin Xiao, L. Galbany, J.J. Eldridge and Elizabeth R. Stanway
Including ionizing photon leakage
 7.6
 7.8
 8
 8.2
 8.4
 8.6
 8.8
 9
 9.2
 9.4
-4.5 -4 -3.5 -3 -2.5 -2 -1.5
SNe II
12
 +
 lo
g(O
/H
)
log(U)
Binary
Single
12
 +
 lo
g(O
/H
)
 7.6
 7.8
 8
 8.2
 8.4
 8.6
 8.8
 9
 9.2
 9.4
-4.5 -4 -3.5 -3 -2.5 -2 -1.5
SNe Ibc
12
 +
 lo
g(O
/H
)
log(U)
Binary
Single
12
 +
 lo
g(O
/H
)
 7.6
 7.8
 8
 8.2
 8.4
 8.6
 8.8
 9
 9.2
 9.4
 0  0.5  1  1.5  2  2.5  3
SNe II
12
 +
 lo
g(O
/H
)
log(nH/cm3)
Binary
Single
12
 +
 lo
g(O
/H
)
 7.6
 7.8
 8
 8.2
 8.4
 8.6
 8.8
 9
 9.2
 9.4
 0  0.5  1  1.5  2  2.5  3
SNe Ibc
12
 +
 lo
g(O
/H
)
log(nH/cm3)
Binary
Single
12
 +
 lo
g(O
/H
)
 7.6
 7.8
 8
 8.2
 8.4
 8.6
 8.8
 9
 9.2
 9.4
 6  6.5  7  7.5  8
SNe II
12
 +
 lo
g(O
/H
)
log(Age/yr)
Binary
Single
12
 +
 lo
g(O
/H
)
 7.6
 7.8
 8
 8.2
 8.4
 8.6
 8.8
 9
 9.2
 9.4
 6  6.5  7  7.5  8
SNe Ibc
12
 +
 lo
g(O
/H
)
log(Age/yr)
Binary
Single
12
 +
 lo
g(O
/H
)
Figure 10. In ionizing photon leakage case, the variation of oxygen abundance with respect to ionization parameter log(U) for the SN
hosts in the top panels, log(nH/cm
3) in the middle panels and log(Age/yr) in the bottom panels, with the left panels for type II hosts
and the right panels for type Ibc hosts. Single-star models are in black crosses with error bars and binary-star models in red (SNe II)
and blue circles (SNe Ibc) with error bars.
c© 2017 RAS, MNRAS 000, 1–??
CCSNe ages and metallicities 13
Table 4. The comparison of ages derived by our method to those for SN were progenitor detections or constraints (Smartt 2015; Eldridge
et al. 2013) and surrounding stellar population constraints (Maund & Ramirez-Ruiz 2016; Maund 2017, 2018).
Progenitor Progenitor Maund stellar No leakage No leakage Leakage Leakage
best estimate Lower limit populations Single Binary Single Binary
SN Type log(age/yrs) log(age/yrs) log(age/yrs) log(age/yrs) log(age/yrs) log(age/yrs) log(age/yrs)
2003gd IIP 7.7 >7.3 7.14, 8.08 6.9±0.0 7.49±0.05 6.30±0.19 7.08±0.73
2013ej IIP 7.4 >7.2 7.16, 8.03 8.0±0.38 7.93±0.12 6.12±0.26 7.13±0.07
1999gi IIP – >7.2 – 6.9±0.04 7.4±0.0 6.40±0.27 7.18±0.54
1999em IIP – >7.1 – 8.0±0.78 8.0±0.0 6.10±0.24 7.12±0.02
2007gr Ic 6.8 or 7.3 >6.8 6.79, 7.69 8.0±0.7 7.94±0.04 6.19±0.22 7.17±0.21
2001B Ib – – 6.55, 7.14 7.0±0.22 7.3±0.04 6.21±0.24 7.09±0.15
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Figure 11. Age constraints on type II and type Ibc SN progeni-
tors from binary-star models. Red crosses with error bars are for
type II SNe and blue circles with error bars are for type Ibc SNe.
high ionization parameters and gas densities (e.g Xiao et al.
2018) and so the fact that our binary model fits are not like
this is consistent with what we should expect.
An important question is to decide whether we should
favour our derived parameters assuming leakage or no leak-
age. To answer this question we first consider Figures 14, 15
and 16 that compare the predicted age of the SNe from the
three methods to determine the age, Hα EW and emission-
line fitting without and with ionizing photon leakage. We see
that the Hα EW age and no-leakage emission-line fits agree
closely. This reflects the fact that Ha EW drives the age in
our fitting algorithm, while the line ratios are more sensi-
tive to alternate parameters. However allowing for leakage
decreases the ages derived from the emission-line fits. For
the single star models these ages are unrealistically young
at 3 Myr and below. While for the binary models the change
does allow the ages to be more plausible, with most lying
between 10 and 30 Myr.
Theoretical predictions on the age distribution of SNe
in both Zapartas et al. (2017) and Eldridge, Stanway et al.
(2017) show that the SN rate in binary-star models is highest
at younger ages and decreases as older ages. This is because
even though there are more lower mass stars, their evolu-
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Figure 12. The fraction of remained ionizing photon leakage,
frem, as a function of age. The black crosses are for single-star
models and the red circles are for binary-star models. The solid
line indicates the fractions inferred using an identical analysis for
a large sample of typical H II regions in spiral and dwarf galaxies
by Xiao et al. (2018) for comparison.
tionary timescale becomes more dependent on mass and so
they are spread out over a larger time. We see that for our
preferred binary models assuming leakage there are some
SNe with ages down to 6 Myr the majority have ages of
10 Myr and above. This agrees with the initial mass range
at which there is a change in remnant formation from neu-
tron stars to black holes, at round 20 M (Eldridge & Tout
2004), although we note that the situation might not be a
simple as there being one single cut-off mass (e.g. Sukhbold
& Woosley 2014; Ertl et al., 2016). In the no-leakage case the
majority of our derived SN ages are beyond 30 Myr and up
to 100 Myr when these should be the rarest events. Therefore
this suggests that our derived ages with leakage are a more
accurate age estimate for the SN progenitor. This leakage
fraction will also incorporate a factor of dilution of the emis-
sion lines from any underlying old stellar population that
may also be contributing the the continuum flux. Neverthe-
less, recent studies of SNe and supernova remnants (SNRs)
both suggest the SN progenitors would tend to be from older
propolations. For example, Zapartas et al. (2017) predict
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Figure 13. The fraction of remained ionizing photon leakage,
frem, as a function of EW. The black crosses are for single-star
models and the red circles are for binary-star models.
Figure 14. Cumulative fraction of CCSNe as a function of age
derived in three methods: directly from Hα EW (solid lines), best-
fitting models without ionizing photon leakage (dashed lines) and
best-fitting models including leakage (dotted lines). The single-
star models are in the black lines and binary-star models are in
red lines.
that about 15 per cent of CCSNe orgrinating from binary-
star systems, are late to occur 50−200 Myr after birth. Then
recently, Dı´az-Rodr´ıguez et al. (2018) analysing the stellar
population surrounding 94 supernova remnants in M31 and
M33, where they found some SNRs to have associated stel-
lar populations older than 30 Myr, up to 80 Myr. Thus our
findings add to the growing evidence that some core-collapse
supernovae arise from older stellar populations.
An important deduction we can make from Figures 14
and 16 is why using single-star Hα EW provides a reason-
able age estimate for SN progenitors. The difference in the
single-star EW ages and the binary models with leakage is
only approximately 0.2 dex. Thus one simple conclusion we
Figure 15. The EW of Hα vs derived age from EW-based method
and best-fitting models with and without ionizing photon leakage.
The black dots represent the EW-based ages, the green triangles
and yellow squares are ages from no-leakage and leakage best-
fitting models respectively.
could make is that all SN progenitor ages derived by Hα un-
derestimate the stellar population ages by approximately 60
per cent and thus overestimate the initial progenitor mass
(e.g. Chen et al. 2017). In Figure 15 we show that it is possi-
ble to use our work to calibrate a crude but broadly correct
Hα EW to age relation. However this relation shows a large
scatter due to the range of metallicities and gas conditions in
the sample and we highly recommend that an age should be
derived using a full set of nebular emission lines to provide
greater accuracy.
It is also worthwhile to compare our age ranges to other
estimates from progenitor and stellar population studies
that are extant in the literature. We show the results of
such a test in Table 4. Here we include the SNe where pre-
explosion images exist that enable constraints on the initial
masses of the progenitor stars to be placed. We have used
the masses from Eldridge et al. (2013) and Smartt (2015),
converting the masses to estimated progenitor lifetimes us-
ing our stellar models. We also list the lower age limit from
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the progenitor detection. We also include age estimates by
Maund & Ramirez-Ruiz (2016); Maund (2017, 2018) who
have used similar imaging to study the stellar population
surrounding the SN sites. From this they derive the ages of
the largest stellar populations which we list here. Although
we note the ages were derived using single-star evolution
tracks and ignore the effect of interacting binaries on the
stellar population. Therefore these ages are likely to be un-
derestimates (Eldridge, Stanway et al. 2017).
We see that most of the progenitor ages lie in the region
of around a log(age/yr) of 6.8 to 7.7. While the uncertain-
ties are large there is consistency between these ages and
those from our binary population ages. In most cases our
single star estimates give values that are either too old or
too young. It is however difficult to decide between whether
we should include our leakage model or not. In general the
binary no leakage model tends to provide a fit with low un-
certainty that can be significantly old when the SN rate is
expected to be low. With leakage the ages are younger, al-
though with a higher uncertainty in some cases. We find this
is still suggestive that our inclusion of allowing for leakage
provides a more reasonable fit. We note there is other sec-
ondary evidence for SN 2007gr. Mazzali et al. (2010) studied
the light curve of 2007gr and found that the SN is consistent
with the explosion of a 15M star, this is consistent with a
lifetime of log(age/yr) = 7.1 which is consistent with our
ages but not that of Maund & Ramirez-Ruiz (2016). The
reason for this mismatch is likely to be due to the fact their
age derivation was made using single-star evolution tracks.
If a fit was carried out with a binary population (e.g. as for
Cygnus OB in Eldridge, Stanway et al. 2017) then the age
will likely become consistent with the older age.
A final view on our results is the relationship between,
metallicity and progenitor age. We see in Figure 11 than in
general the two different types of SNe cover a similar range of
ages and oxygen abundance values but the oldest progenitors
are of type II as well as the lowest metallicity events. This
is in agreement with such predictions as Heger et al. (2003)
and Eldridge & Tout (2004) because these stars experience
less mass loss over their lives. The older, less massive stars
have weaker winds while at lower metallicities line-driven
winds are weaker for stars of the same metallicity.
Another way to see how our derived ages and metallici-
ties from the emission lines compare to model SN predictions
is to convert our ages into effective initial masses. We use
our single-star models to determine a relation between the
age of a stellar population and the mass of a single-star with
the same lifetime. Using these values we then created Fig-
ure 17, which is similar to the widely used figure in Heger
et al. (2003), which shows the regions where different SN
types occur in initial mass versus initial metallicity space.
These figures show similar structures to our earlier attempts
at these figures in Eldridge & Tout (2004). Here however we
use oxygen abundance rather than metallicity mass frac-
tion to measure the metal enrichment. The first panel which
shows where different SN types occur for single stars demon-
strates that for the initial masses and metallicities we derive
all SNe in our sample should be type II. Therefore most SN
progenitors cannot arise from single star progenitors.
Creating a binary version of these progenitor figures has
the problem that there is no longer a direct connection be-
tween initial mass and final evolutionary outcome. This is
because of the many diverse possible evolutionary pathways
that become possible due to binary interactions. Our at-
tempt at such a figure, shown in the second panel of Figure
17. It was created by looking at all stars from our binary
models that have the same initial mass and initial metallic-
ity. We use logarithmic mass bins of 0.1 dex width and use
metallicity bins for our source models. Then for each model
that lies in a specific bin that experiences a core-collapse SNe
(if the final mass is >1.5 M, the CO core mass is >1.38
M and core carbon burning has occured) we identify if they
are type II or type Ib/c supernovae by the hydrogen mass
in the model, if it is > 10−3 M then the SN is of type II.
From this at each point in the progenitor figure we can work
out the fraction of SNe that are type II, with the remainder
being type Ib/c. We then draw contours of these values of
the initial parameter space, the resulting figure showing for
which initial parameters type II SNe and type Ib/c SNe are
most common. We see that at high masses and metallicities
most of the SNe are type Ib/c due to stellar wind mass loss.
At lower masses, especially at lower metallicities, most SNe
are type II because even though binary interactions might
remove a significant amount of surface hydrogen the stellar
winds are unable to remove the remaining hydrogen before
core collapse.
The location of the SN progenitor masses and metallic-
ities we derive here broadly agrees with these models. A mix
of events occur close to the even mix of SN types while more
type II occur relative to type Ib/c where this is predicted.
It is important to note that the same models that went into
the creation of the contours in this figure are also those that
are used to evaluate and characterise the stellar population
at the location of the SNe, and hence estimate the progen-
itors. However different aspects of those models were used.
For example, how much hydrogen remains at the end of the
progenitors’ lives were used to estimate their type, while for
the emission-line fitting we used the total luminous output
of the stellar models at the same age. Therefore a key result
from this figure is that the average SN types we infer from
the surrounding emission line output of a living stellar pop-
ulation is related to the most likely SN type, i.e. if there are
a number of stars that have lost their hydrogen envelopes
to form helium stars then the emission lines will reflect that
and it will be more likely that a type Ib/c will occur. In the
reverse situation, fewer stars will have lost their hydrogen
envelope, so fewer hot helium stars contribute to the stel-
lar population, and type II SNe become more common than
type Ibc.
These helium stars are a common prediction of stellar
models that include binary interactions. Although they have
not yet been observed in our own Galaxy we can be sure from
their impact, in the ionizing photon production in galaxies
(Go¨berg, de Mink & Groh 2017; Stanway et al. 2016) and in
creating type Ib/c SNe, that they must exist (Eldridge et al.
2013; Eldridge & Maund 2016). These stars, while currently
“invisible” nearby in our Galaxy, have important impacts
on more distant stellar populations. Ignoring them can lead
to inconsistencies and errors in studies of stellar systems,
especially in young populations where the binary fraction is
high.
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Hα EW as age indicator
Age estimation in no-leakage case
Age estimation in leakage case
Figure 16. The fraction of CCSNe as a function of age derived in three methods: directly from Hα EW (top panels), best-fitting models
without ionizing photon leakage (middle panels) and best-fitting models including leakage (bottom panels). The left panels show the
fraction distribution for SNe II and the right panels for SNe Ibc. The black bars are for single-star models and red (SNe II) and blue
pattern (SNe Ibc) bars are for binary-star models.
c© 2017 RAS, MNRAS 000, 1–??
CCSNe ages and metallicities 17
Figure 17. The predicted number count ratio of SN type as a function of initial mass and metallicity, compared to observational data
(type II in red crosses, type Ibc in blue diamonds) from the best-fitting models accounting for ionizing photon loss. The contours are
annotated with the fraction of supernovae that are type II at that contour. The thick black line represents the minimum initial mass for
SNe to occur.
7 CONCLUSION
Our main conclusions of this work are as follows,
(i) To accurately understand the emission line nebulae at
SN sites we must account for interacting binaries in the stel-
lar populations and allow for some loss of ionizing photons.
(ii) When we derive our best-fitting ages for SN progen-
itors we find assuming binary stellar populations that both
type II and type Ibc SN progenitor typically have ages of
10-30 Myr, and therefore they are less-massive stars with
initial masses M 6 20 M.
(iii) We find no single, monotonic relation between metal-
licity, initial mass and eventual SN type as predicted for sin-
gle stars in Heger et al. (2003). Instead binary interactions
must be taken into account and we find that the expected
mean SN type is related to the emission nebula created by
the stellar population surrounding the SN site. This is shown
by the fact that the binary models provide a much improved
prediction of the type II to Ibc ratio as a function of pro-
genitor mass and metallicity than single star models.
(iv) It is possible to derive an approximate relation be-
tween the age of a SN progenitor and the Hα EW, however
a more accurate age can be derived by using all available
emission lines.
These findings strongly indicate that modelling the neb-
ular emission from stellar populations including interacting
binaries must be included. Using the techniques we outline
here will provide a new rigorous method to understand core-
collapse SNe.
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Table A1. In no-lekakge case: the best-fitting parameters, log(Age/yr), log(nH/cm
3), log(U), 12 + log(O/H) for each CCSN host H II regions, from single-star and binary-star
populations. The full table is available online.
SN name SN type Single-star models Binary-star models
log(Age/yr) log(nH/cm
3) log(U) 12 + log(O/H) log(Age/yr) log(nH/cm
3) log(U) 12 + log(O/H)
2000da II 7± 0 3± 0 −1.77± 0.27 8.41± 0.08 7.6± 0 1.26± 0.86 −3.59± 0.11 8.77± 0.03
2016eob II 7.1± 0.21 3± 0.11 −1.5± 0.13 7.91± 0.27 7.8± 0.03 1.96± 0.95 −3.41± 0.1 8.72± 0.1
2003ld II 7± 0.22 3± 0.66 −1.51± 0.26 8.21± 0.22 7.42± 0.05 2.24± 1.02 −3.44± 0.12 8.85± 0.26
2005db IIn 8± 0.22 3± 0.11 −3.9± 0.5 9.13± 0.26 7.4± 0 0.22± 0.88 −3.78± 0.14 8.77± 0.15
1999ge II 7.6± 0.05 3± 0.2 −1.63± 0.16 8.07± 0.23 7.98± 0.05 2.91± 0.23 −3.75± 0.3 8.87± 0.08
2017fqo II 8± 0.54 3± 0 −1.5± 0.72 8.52± 0.26 7.76± 0.05 2.92± 0.57 −3.48± 0.1 8.39± 0.33
2006ee IIP 7.9± 0.04 3± 0.45 −1.5± 0.24 9.13± 0.24 8± 0 3± 0.22 −3.64± 0.2 8.4± 0.06
2011aq II 7± 0 3± 0.24 −1.61± 0.3 8.39± 0.03 7.5± 0 1.14± 0.81 −3.35± 0.1 8.78± 0.06
2008ie IIb 7.6± 0.05 3± 0.2 −1.58± 0.11 8.63± 0.3 8± 0 2.93± 0.33 −3± 0.2 8.4± 0.05
2009ie IIP 6.9± 0.24 3± 0.23 −2.69± 0.33 8.52± 0.05 7.5± 0 0.83± 0.76 −3.36± 0.05 8.5± 0.1
Table A2. In lekakge case: the best-fitting parameters, log(Age/yr), log(nH/cm
3), log(U), 12 + log(O/H) for each CCSN host H II regions, from single-star and binary-star populations.
The full table is available online.
SN name SN type Single-star models Binary-star models
log(age/yr) log(nH/cm
3) log(U) 12 + log(O/H) log(Age/yr) log(nH/cm
3) log(U) 12 + log(O/H)
2000da II 6.28± 0.27 2.92± 0.40 −3.55± 0.07 8.75± 0.08 7.17± 0.15 1.12± 0.85 −3.63± 0.06 8.93± 0.00
2016eob II 6.35± 0.25 2.73± 0.29 −3.34± 0.08 8.58± 0.10 7.23± 0.21 1.25± 0.80 −3.52± 0.06 8.79± 0.06
2003ld II 6.10± 0.18 2.48± 0.92 −3.33± 0.04 8.47± 0.09 7.05± 0.12 1.14± 0.73 −3.33± 0.09 8.80± 0.07
2005db IIn 6.32± 0.28 2.94± 0.20 −3.61± 0.09 8.77± 0.00 7.15± 0.17 1.40± 1.04 −3.72± 0.08 8.98± 0.08
1999ge II 6.63± 0.56 3.00± 0.00 −3.49± 0.25 8.86± 0.11 7.13± 0.07 1.81± 0.89 −3.06± 0.17 8.93± 0.00
2017fqo II 6.00± 0.04 2.98± 0.22 −3.46± 0.09 8.36± 0.11 7.18± 0.07 2.91± 0.22 −3.63± 0.07 8.69± 0.16
2006ee IIP 6.00± 0.04 2.98± 0.20 −3.70± 0.11 8.34± 0.10 7.19± 0.07 2.97± 0.15 −3.81± 0.08 8.68± 0.15
2011aq II 6.17± 0.23 2.89± 0.27 −3.32± 0.06 8.63± 0.09 7.10± 0.10 1.04± 0.69 −3.32± 0.07 8.87± 0.08
2008ie IIb 7.20± 0.78 2.93± 0.18 −2.44± 0.77 8.99± 0.17 7.41± 0.29 2.48± 0.33 −3.40± 0.25 8.93± 0.00
2009ie IIP 6.03± 0.07 2.39± 0.90 −3.34± 0.07 8.39± 0.05 7.10± 0.06 0.85± 0.75 −3.40± 0.08 8.77± 0.00
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APPENDIX B: CCSNE AGES BY VARYING HII
REGION DEFINITION
In the main text, we identify the SN parent HII region as
the stellar population present within a 1 kpc2 projected re-
gion centred on the explosion site. This has the advantage of
scaling with the distance (or redshift, and hence projected
angular size) to the source. However, the IFU data from
PISCO allows alternate definition of the SNe host popula-
tion.
Here, we complement the SNe age results as derived
in the main text with estimates drawn from two differently
defined samples. The first defines the SN host region as the
observed flux detected within a fixed 1 arcsec2 aperture cen-
tered at the SN location, which better approximates a fixed
slit-width method from conventional spectroscopy, but re-
sults in a physical size that depends on the redshift. The
second sample identifies the nearest HII region to the ex-
plosion site and extracts the flux associated with it, rather
than centring on the explosion site.
We apply the same method discussed in sections 3 and 4
to these two alternately derived samples in order to estimate
the SNe ages from the properties of their nebular emission.
Figures B1 and B2 show the age distribution for regions
within 1 arcsec2 and for the nearest HII region sample sep-
arately. We obtain similar results as those presented in the
main text in Figure 15, which suggests that our main results
and their interpretation are not highly sensitive to the def-
inition of the host population, as long as this is sufficiently
representative of stars near the explosion site.
This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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Flux from HII regions within 1 arcsec2
Hα EW as age indicator
Age estimation in no-leakage case
Age estimation in leakage case
Figure B1. Age distributions derived from three methods for the sample of flux within 1 arcsec2: directly from Hα EW, best-fitting
models without ionizing photon leakage and best-fitting models including leakage. The black bars are for single-star models and red (SNe
II) and blue pattern (SNe Ibc) bars are for binary-star models.
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Flux from the nearest HII regions
Hα EW as age indicator
Age estimation in no-leakage case
Age estimation in leakage case
Figure B2. Age distributions derived from three methods for the sample of flux from the nearest HII regions: directly from Hα EW,
best-fitting models without ionizing photon leakage and best-fitting models including leakage. The black bars are for single-star models
and red (SNe II) and blue pattern (SNe Ibc) bars are for binary-star models.
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